Crystallisation of magmatic andalusite and post-magmatic muscovite in two-mica granite from the Gęsiniec Intrusion records low pressure of granite crystallisation ( ~0.05 0.15 GPa).
Introduction
Andalusite and muscovite belong to those minerals of peraluminous granites, whose presence may be used to infer about the P-T conditions of host rock crystallisation. The solidus of wet peraluminous granite (Holtz et al., 1992, Joyce and Voigt, 1994) enters the stability field of andalusite (Holdaway, 1971) in the narrow zone located between ~ 0.5 and 1.5 kbar, showing that the andalusite-bearing granites possibly crystallise in that pressure range. The stability curve of 2M 1 muscovite (Chatterjee and Johannes, 1974 ) and water-saturated granite solidus (Tuttle and Bowen, 1958) cross at approximately 0.4 GPa in the P-T diagram, indicating that the muscovite granites crystallise under pressures exceeding 4 kbar, provided the muscovite is primary. The simple relationships between the stability field of andalusite and granite solidus are complicated by boron and fluorine, which shift the location of granite solidus in the P-T diagram to lower temperatures (Manning, 1981, Chorlton and Martin 1978; Pichavant, 1981) , enlarging the pressure range of andalusite crystallisation in the magma and diminishing its potential use as the crystallisation pressure indicator. Moreover, the location of andalusite/sillimanite fields boundary remains controversial and many authors suggest it to lie between those determined by Holdaway (1971) and Richardson et al. (1969) , which also increases the overlap between the andalusite stability field and granite magma supersolidus area (for detailed discussion, see Clarke et al. 2005 ). The use of muscovite as the minimal crystallisation pressure indicator for granitic magmas is also not straightforward. This is because the stability of natural muscovite may deviate significantly from that indicated by experimental data and because the microscopic determination of the 'primary' muscovite may be dubious (Zen, 1988) . Miller et al. (1981) suggested that titanium content is relatively high in magmatic muscovite and may be a useful criterion for distinguishing between those of primary and secondary origin, but in the granites containing no titanium-saturating phase, this criterion is not useful (Puziewicz and Koepke, 1991) . Muscovite and Al 2 SiO 5 phases are related by reaction relationship (muscovite + SiO 2 = sanidine + Al 2 SiO 5 + H 2 O). Therefore, the Two-mica andalusite-bearing granite with no primary muscovite: constraints on the origin of post-magmatic muscovite in two-mica granites Jacek Puziewicz 1 coexistence of Al 2 SiO 5 and muscovite is theoretically restricted to the reaction line in the P-T -diagram. In natural systems, however, the coexistence of magmatic andalusite and muscovite in the same magma batch is possible (Pichavant et al., 1988) , which suggests that the reaction is continuous under certain conditions probably because of increasing substitution of fluorine for water in muscovite. In this paper, we present an example of andalusite-bearing twomica granite that contains the secondary muscovite only. The relationships amongst textural varieties of secondary muscovite and their chemical characteristics allow the interpretation of the evolution of muscovite in a cooling granite. Our example comes from the Gęsiniec Intrusive (SW Poland).
Geological setting
The Gęsiniec Intrusion belongs to the Strzelin Massif, a group of small (most often a few hundreds of meters in diameter) Variscan granitic, granodioritic and tonalitic intrusions occurring in the northeastern part of the Fore-Sudetic Block (SW Poland; East Sudetes, Figure 1 . Also Gromnik and Górka Sobocka granites contain more abundant mica compared to Gębczyce and Gęsiniec granites. The two-mica granite in the Gęsiniec Intrusion forms a several meters thick vein cutting all other plutonic rocks of the Gęsiniec Intrusion (ObercDziedzic and Kryza 2012). Small two-mica granite veins of thickness ranging from several centimetres to 1-2 m occur as well. The magmatic zircon grains from the granite were dated at 295 ± 5 Ma by using U-Pb method (Oberc-Dziedzic and Kryza 2012). The granite also contains abundant inherited grains with the range of ages from 1.5 Ga to 374 Ma, which partly corresponds to the age range observed in the surrounding Strzelin gneisses (2.0 Ga to 538 Ma, Oberc-Dziedzic et al. 2003). Also, higher εNd 300 in the granites compared to gneisses suggests that the gneisses could not have been the only source of the granitic magma and the magmas were also derived from a more primitive source (ObercDziedzic et al. 2015). Generally, two-mica granites represent last stage of magmatism in the Strzelin Massif and require low temperatures of crystallisation and/or magma formation, re-melting of crustal source as well as involvement of highly differentiated magmas and fluids (Oberc-Dziedzic et al. 2015). The occurrence of andalusite in granites of the Strzelin Massif was first reported by Bereś (1961) from the granite of Bialy Kościół. He described individual grains of andalusite occurring within the granite, similar to those described by us from the Gęsiniec twomica granite, and andalusite veins up to 15 mm, attributing both of them to hydrothermal origin. 
Analytical methods
Chemical analyses of minerals were carried out at the laboratory of the Geology Department of the University of Warsaw (Poland) and at the laboratory of the Institute of Mineralogy, University of Hannover (Germany) on a CAMECA SX100 electron microprobe. Natural standards were used in both the laboratories. The detection limit for Ti, which is important for the discussed problem, was set at 250 ppm. The content of titanium in muscovite is presented in wt. % of TiO 2 in diagram because of the resolution, which is better than that presented in atoms per formula unit. As F and Ba may also be important, their contents were analysed using F-apatite and BaSO 4 as the standards, and the beam diameter was enlarged to 2 μm. The detection limits were 1,000 ppm for Ba and 800 ppm for F. However, because the analysed micas and feldspars do not contain significant amounts of fluorine and barium, those elements were not included in all of the analyses.
Petrography and mineral chemistry
The two-mica Gęsiniec granite samples analysed in this study consist of quartz, alkali feldspar, plagioclase, muscovite, biotite and scarce andalusite. Zircon and very rare monazite-(Ce) are accessories. Although other compositional varieties of two-mica granite were observed in the Gęsiniec Intrusion (Oberc-Dziedzic et al. 2015), we focus on the andalusite-bearing samples in order to understand the andalusite-muscovite relationship and its implication on P-T conditions of the granite crystallisation. In the studied rocks, andalusite occurs most often as anhedral, irregular or rounded grains within muscovite plates (Figure 2a ). Very scarce alkali feldspar grains with quartz graphic intergrowths are present. The rock is serial, grains of plagioclase (0.5-3 mm) are subhedral to euhedral and grains of alkali feldspar (0.5-3 mm) and quartz (up to 5 mm) are anhedral. Aggregates of biotite + muscovite or muscovite as well as individual plates of micas occur in interstices amongst quartz and feldspars. The rock is poor in Fe and Mg (Table 1) . Andalusite-free two-mica granite variety occurs in small veins of the two-mica granite surrounding the main mass of the rock. It is characterised by the presence of small amounts of calcite in altered plagioclase grains. Plagioclase is often zoned in a large scale; fine-scale oscillatory zonation occurs in some grains. Two types of grains are present: (1) normally zoned ones, some with strongly altered cores, and (2) very fine anhedral or subhedral grains associated with micas, often occurring within embayments of muscovite. The normally zoned plagioclase grains are euhedral with slightly embayed, thin rims. Grains of large size (> 1 mm) contain from 20-30% An in the cores through 11-16% in the inner mantles to 7-11% of An in the outer mantles ( Table 2 , analyses 1-6). Decrease in anorthite is most often step-like at core-inner mantle boundary and gradual between inner and outer mantle. The outer parts of the inner mantles are in some grains slightly richer (2-3%) in anorthite than the inner ones. Smaller normally zoned grains (0.4-1 mm) contain 10-14% of An in the cores and 8-12% in the mantles (Table 2 , analyses 7-9), with abrupt decrease in anorthite content by 2-4% in the middle part of the mantle (Table 2 , analysis 10). The strongly altered plagioclase cores contain 1-4% of An in the cores (Table 2 , analyses 11 and 12). Abrupt decrease in An content occurs at mantle-embayed rim boundary in all grains. The An content in the rims is 2-3 % ( Table 2, analyses 13 and, 14). Small, rounded grains associated with micas are albitic (10-2% An; Table 2 , analyses [15] [16] [17] . The anorthite content measured in this study is similar to that presented in Oberc-Dziedzic et al. (2015) . Kretz (1983) Figure 3a ; Table 3 , analysis 1). Very rare domains containing up to 0.14 wt.% TiO 2 (Table 3 , analysis 2) are located at the margins of this kind of plates. This group also comprises small, shred aggregates of plates, occurring in partial pseudomorphs after andalusite ( (Figure 2b ). They are often associated with small plagioclase grains (10-2% of An; Table 2 , analyses 16 and 17) occurring within embayments and contain small Kfeldspar intergrowths. The plates of this kind contain most often 0.10-0.22 wt.% of TiO 2 ( Figure 3a ; Table 3 , analyses 5-7). Sporadically, at the margins of plates, their titanium content is comparable to that of post-andalusite muscovite (Table 3 , analysis 8); 3. fine anhedral plates occurring in biotite and/or chlorite -muscovite aggregates. The relationships between muscovite and biotite suggest that muscovite is younger than biotite ( Figure  2c ) or the opposite (Figure 2d ). The muscovite TiO 2 content is strongly variable (Figure 3a) . Some of the plates contain very little TiO 2 (< 0.04 wt. %; Table 3 , analysis 9), whereas others contain amounts of TiO 2 reaching up to 0.49 wt. % (Table 3 , analyses 10, 11). The content of titanium is not related to the position of the plate relative to other members of the aggre- 
Figure 2. Muscovite forms in the Gęsiniec two-mica granite. (a) Anhedral muscovite with relic of andalusite (optical microscope image); (b) Embayed plate of muscovite with intergrowths of quartz and K-feldspar, rimmed by muscovite-quartz fringe at the contact with K-feldspar. White rectangle marks the area depicted in Figure 2f (BSE image); (c) Muscovite-biotite aggregate, muscovite texturally younger than biotite (optical microscope image); (d) Muscovite-biotite aggregate, biotite filling pull-apart in muscovite and thus texturally younger than muscovite (optical microscope image); (e) Muscovite-biotite filling of microfracture (indicated by the arrows, optical microscope image); (f) Muscovite-quartz fringe at the margin of a plate depicted in Figure 2b (BSE image). Mineral name abbreviations after

. Points representing muscovites from the Gęsiniec two-mica granite on the diagrams: (a) TiO 2 (wt.%) versus Si (atoms per formula unit, a pfu), (b) Mg versus Si (a pfu) and (c) Fe versus Si (a pfu).
Figure 4. Points representing biotites from the Gęsiniec two-mica granite on the diagram Al(IV) versus Fe/(Fe + Mg).
gate. However, the plates associated with post-biotitic chlorite usually have elevated contents of titanium; 4. fine plates occurring in elongated microfissure fillings dominated by biotite and/or chlorite (Figure 2e , see also biotite description). The TiO 2 content is highly variable but usually relatively high (up to about 0.8 wt.%; Figure 3a ; Table 3 , analyses 12 and 13); 5. fine fringe aggregates located at the margins of larger muscovite plates. SEM large magnification BSE images show them to consist of fine intergrowths of muscovite and quartz (Figure 2f ). They contain < 0.03 wt. % of TiO 2 ( Figure 3a ; Table 3, analyses 14 and 15).
Very fine plates of muscovite occur within plagioclase; sometimes they are oriented according to the crystallographic directions of the host. Their TiO 2 content is above 0.10 wt.% and strongly varies from plate to plate (0.11-1.02 wt.%, Table 3 , analyses 16 and 17). The fine plates replacing plagioclase are characterised by noticeable higher contents of silica, magnesium and iron relative to other varieties of muscovite occurring in the described two-mica granite. This kind of muscovite will not be discussed further in this study because of their obvious secondary origin. Mg and Fe contents are lowest in muscovite replacing andalusite (Figure 3b, c) . Muscovite occurring in fringes is significantly richer in both elements (Figure 3b, c) . The amounts of fluorine and bari- um in the studied muscovites in the samples containing relics of andalusite are low (F < 0.14 wt. %, Ba below the detection limit of 0.1 wt.%). The muscovite occurring in andalusite-free granite forming small veins is richer in F and Ba (F = 0.11-0.31 wt.%, BaO = 0.11-0.28 wt.%). Biotite is brown and often discoloured to a different degree. Its Fe/(Fe + Mg) ratio is practically constant (0.79-0.82; Figure 4 ) in all analysed plates. The Al content is high (2.65-2.85 atoms pfu; Figure 4 ) and typical for peraluminous biotite-muscovite and aluminium silicate biotite-muscovite granites (Speer, 1984) . Many of the analyses yield results intermediate between those of biotite and chlorite, indicating that the plates of biotitic appearance are composed of fine-scale intergrowths of both the minerals. Biotite forms: 1. subhedral to anhedral plates, some containing zircon inclusions. They occur in interstices individually or in aggregates with muscovite. Their TiO 2 content varies from 1.90 to 2.60 wt.% (Table 4 , analyses 1-5). The differences in TiO 2 content within an individual plate are up to 0.5 wt.% (Table 4 , analyses 1 and 2); 2. fine, subhedral to anhedral plates forming thin, elongated aggregates with smaller amounts of muscovite and chlorite, marking extensional microfissures in a granite (Figure 2e ) and typically containing no zircon intergrowths. The relationships between biotite and muscovite are variable, within the same aggregate pull-aparts in muscovite filled by biotite as well as those in biotite filled by muscovite occur. The content of TiO 2 is relatively variable (2.2-3.09 wt.%;, Table 4 , analyses 6 and 7). Andalusite forms anhedral, irregular or rounded grains within muscovite plates. Partial pseudomorphs after andalusite, including quartz and muscovite (Figure 5a ), are scarce. Very rare are interstitial subhedral andalusite grains of size reaching 0.5 mm, free of muscovite or surrounded by thin muscovite rim. Outer parts of plagioclase grains are anhedral relative to them (Figure 5b ). Andalusite contains between 0.6 and 1.1 wt.% of Fe 2 O 3 . Chlorite is Fe rich (17-20% of clinochlore in the Association Internationale pour l'Etude des Argiles (AIPEA) classification scheme of Bailey,1980; Table 4 , analyses 8 and 9).
Discussion
Sequence of crystallization
The presented relationships amongst the mineral grains forming the two-mica granite suggest that plagioclase crystallised first from the magma and later it was joined by potassium feldspar, andalusite and quartz. Oberc-Dziedzic et al. (2015) describe the pinite-bearing two-mica granite from Gęsiniec with pinite being the first crystallizing phase; however, the pinite was not observed in the samples analysed in this study. Another difference is the titanium content in muscovite, which is below 0.03-0.60 wt.% TiO 2 in Oberc-Dziedzic et al. 2015) compared to Fe/(Fe + Mg) = 0.8 in this study. Therefore, despite similarities in mineral and chemical composition, we suggest that the sample described in this study is different from the two-mica granite described by Oberc-Dziedzic et al. (2015), probably because of local variations in composition. However, the andalusitemuscovite occurrence in the samples described by us makes them potentially important for understanding the relationships between two phases in two-mica granites in general. The zoning pattern of plagioclase is indicative of crystallisation in a cooling environment, probably with abrupt change in crystallisation conditions at the core/mantle boundary, disturbance during outer mantle crystallisation and post-magmatic rimming by albite. Some of the plagioclase grains were subjected to post-magmatic alteration by replacing their cores by albite. This, plus local presence of the quartz-feldspar graphic intergrowths, suggests high water activity at the advanced stages of magma crystallisation and its relative abundance at the post-magmatic stage. Andalusite crystallised during the formation of plagioclase mantles (cf. Figure 5b) . Micas are late in the crystallisation sequence. The two-mica granite occurring in small veins contains plagioclase with fine grains of calcite, contains no andalusite and is characterised by slightly increased contents of fluorine and barium in muscovite and feldspars. This suggests that the rock was subjected to more intense post-magmatic alteration, which supposedly enabled complete replacement of andalusite by muscovite. The location of andalusite relative to plagioclase and other minerals suggests magmatic origin of the former. No indications of concomitant crystallisation of andalusite and muscovite are present. The relationships of the granite solidus, andalusite stability field and stability limit of muscovite in the P-T diagram ( Figure 6 ) exclude the possibility of primary muscovite crystallisation, and in our opinion, this is the case in the Gęsiniec two-mica granite. As no boron minerals occur in the granite and the micas contain practically no fluorine, the presence of magmatic andalusite is possible because of the decrease in solidus temperature induced by aluminium saturation (Holtz et al.,1992 , Joyce & Voigt, 1994 or because of the shift of andalusite-sillimanite boundary to the temperatures higher than those indicated in the Holdaway diagram (Clarke et al. 2005 ). Thus, the presence of andalusite indicates low (~ 0.05-0.15 GPa) crystallisation pressure of the host rock ( Figure 6 ). Muscovite must have started to crystallise at temperatures much below the solidus under this pressure (cf. Figure 6 ). The location of biotite relative to the other grains suggests it to be of late magmatic origin. However, the biotite plates filling pull-aparts in muscovite must be of post-magmatic origin. The same refers to biotite occurring in microfissures in the granite (cf. Figure 2e) . As the Fe/(Fe + Mg) ratio of biotite is homogeneous throughout the rock (approximately 0.8), we infer that the mineral re-equilibrated its iron and magnesium ratio at the post-magmatic stage.
Muscovite
We distinguished five textural types of muscovite: (1) post-andalusitic, (2) large embayed, (3) fine in aggregates with biotite, (4) fine in microfissures and (5) fringe-like growing at the margins of large embayed one. The plates of muscovite occurring in fringes are overgrown with quartz, which suggests that they are the product of the reaction K-feldspar + Al 2 SiO 5 + H 2 O = muscovite + SiO 2 , in which aluminium silicate components were transported to the reaction place. Muscovite replacing andalusite is also associated with quartz and was formed by the same reaction, but here potassium feldspar components must have been transported to the reaction place. The muscovite occurring in fringes and that replacing andalusite are practically titanium free (Figure 3a) . The magnesium and iron contents of post-andalusitic muscovite are significantly lower than those of fringe muscovite. In our opinion, this may be attributed to different mechanisms of the muscovite-forming reaction. The occurrence of Ti-free domains at the margins of some larger plates suggests that fringes are replaced by a plate because of the dissolution of quartz and dissolution/recrystallisation of muscovite, leading to the growth of a plate. However, most of the plates are significantly richer in titanium (0.10-0.30 wt.% of TiO 2 ). Those parts of the plates originated under higher titanium activity, thus at the different (probably earlier) stage of rock evolution. Muscovite replacing andalusite occurs as aggregates of fine, variously oriented plates at small degrees of replacement (i.e. much andalusite, little muscovite in the replaced grain). At high degrees (i.e. little andalusite, much muscovite), muscovite occurs as a single large plate. The next step in the replacement process is supposedly represented by large embayed interstitial plates of form similar to those containing andalusite relics. This textural change is correlated with increasing titanium, iron and magnesium contents ( Figure 3) . The muscovite replacing andalusite is often associated with albitic plagioclase, which shows its low-temperature origin (i.e. that of the albite stability field in the P-T diagram). Various amounts of titanium, iron and magnesium in post-andalusitic muscovite and various textures of muscovite show that the replacement was frozen at different stages. The andalusite-muscovite reaction was probably initiated at various temperatures in Figure 6 . Locations of granite solidus (Tuttle, Bowen 1958) and peraluminous granite solidus (Joyce, Voigt 1994) relative to the stability fields of aluminium silicates (Holdaway 1971 ) and muscovite + quartz stability curve (Chatterjee, Johannes 1974) in the P-T diagram. different places in the cooling rock, depending on local conditions. Thus, it advanced to the different degree before the reaction ceased because of the decrease in temperature. The textural relationships andalusite/muscovite are identical to some of those presented by Clarke et al (2005) in their Figure 7 , but we attribute them to entirely post-magmatic processes. The muscovite plates occurring in aggregates with biotite and/or chlorite contain highly variable amounts of titanium, magnesium and iron (cf. Figure 3) . The plates of the highest titanium content occur in association with biotite and/or chlorite. As the Gęsiniec two-mica granite contains no magnesium-and iron-saturating phases, the contents of theose two elements in muscovite are supposedly governed by their local availability. However, the magnesium content is similar in most of the muscovite plates (cf. Figure 3b) , which suggests the values close to the equilibrium ones. All muscovite types have TiO 2 contents below 0.6 wt.%, the value suggested by Zen (1988) to be the lower limit of magmatic muscovite. As no Ti mineral occurs in the two-mica granite, all the muscovite crystallised in a titanium-unsaturated conditions. The titanium amount is thus governed by local availability of titanium. This is exemplified by enlarged Ti contents in plates associated with post-biotitic chlorite, to which all Ti bounded in the biotite was available after its chloritisation. These amounts of titanium mark probably the saturation limit of muscovite during chlorite crystallisation at the post-magmatic stage. As almost all of the analysed plates contain less titanium, temperature was not the main factor affecting its content in muscovite. Therefore, the TiO 2 content of muscovite cannot be an argument for its origin in the described two-mica granite (Puziewicz and Koepke 1991). However, it is a valuable indicator of stages of muscovite crystallisation.
Conclusions
The two-mica granite from the Gęsiniec Intrusion in the Strzelin Granitic Massif is poor in ferromagnesian components and contains magmatic andalusite, which crystallised before the outer parts of the plagioclase were formed. This indicates the low pressure of granite crystallisation (~0.05-0.15 GPa). Muscovite occurring in the granite is highly variable texturally and crystallised at the post-magmatic stage under temperatures much below solidus under conditions corresponding to those of greenschist facies metamorphism. Muscovite was formed because of the reaction K-feldspar + Al 2 SiO 5 + H 2 O = muscovite + SiO 2 , in which the reactants occurred partly in solution. The first step in muscovite formation is crystallisation of fine plates overgrown with quartz. Their dissolution/recrystallisation produces well-formed, homogeneous plates. Various forms of muscovite are observable in the described rock, suggesting that the mineral crystallisation was initiated at various temperatures during the cooling of the rock. Thus, both initial and advanced steps of muscovite crystallisation are frozen in the granite. The muscovites are crystallised under Ti-undersaturated conditions, and their titanium content was determined by local availability of this element. Therefore, the Ti content of the described muscovites cannot be a criterion for their origin. However, the data presented in this study show that titanium content variation maybe useful for distinguishing the stages of post-magmatic muscovite crystallisation. The post-andalusitic and fringe muscovite are those whose process of formation was not commenced. This is supposedly due to the decrease in temperature in a cooling rock. Both of them are low in titanium and magnesium. The other kinds of muscovite are supposedly older and contain higher amounts of titanium and magnesium. Our study shows that the Fe/(Fe + Mg) ratio of biotite occurring in the granitic rocks maybe re-equilibrated at the post-magmatic stage, even if mineral form and presence of zircon intergrowths suggest its primary origin. The example described in this study shows that in some high-level granites, andalusite may be the primary peraluminous phase, which is replaced by muscovite at the post-magmatic stage. Thus, the high-level two-mica granites whose solidus was not significantly lowered by fluorine and boron contain supposedly no primary muscovite.
